Temperatures are expected to increase over the next century in all terrestrial biomes and particularly in boreal forests, where drought-induced mortality has been predicted to rise. Genomics research is helping to develop hypotheses regarding the molecular basis of drought tolerance and recent work proposed that the osmo-protecting dehydrin proteins have undergone a cladespecific expansion in the Pinaceae, a major group of conifer trees. The objectives of this study were to identify all of the putative members of the gene family, trace their evolutionary origin, examine their structural diversity and test for drought-responsive expression. We identified 41 complete dehydrin coding sequences in Picea glauca, which is four times more than most angiosperms studied to date, and more than in pines. Phylogenetic reconstructions indicated that the family has undergone an expansion in conifers, with parallel evolution implicating the sporadic resurgence of certain amino acid sequence motifs, and a major duplication giving rise to a clade specific to the Pinaceae. A variety of plant dehydrin structures were identified with variable numbers of the A-, E-, S-and K-segments and an N-terminal (N1) amino acid motif including assemblages specific to conifers. The expression of several of the spruce dehydrins was tissue preferential under non-stressful conditions or responded to water stress after 7-18 days without watering, reflecting changes in osmotic potential. We found that dehydrins with N1 K2 and N1 AESK2 sequences were the most responsive to the lack of water. Together, the family expansion, drought-responsive expression and structural diversification involving loss and gain of amino acid motifs suggests that subfunctionalization has driven the diversification seen among dehydrin gene duplicates. Our findings clearly indicate that dehydrins represent a large family of candidate genes for drought tolerance in spruces and in other Pinaceae that may underpin adaptability in spatially and temporally variable environments.
Introduction
A major factor driving the evolution and diversification of vascular plants is the adaptation to water availability (Micco and Aronne 2012) . To cope with stresses such as drought, heat, freezing and salinity that affect water relations, plants have developed mechanisms to prevent the loss of intracellular water (Farooq et al. 2012) including the synthesis of dehydrin proteins, which are believed to have dehydration protective functions (Hanin et al. 2011) .
Dehydrin proteins have a modular structure comprised of a variable number of conserved motifs. The K-segment is a lysinerich sequence motif that is common to all of the dehydrins described to date, with the exception of a unique dehydrin in maritime pine (Perdiguero et al. 2014) . The S-segment is defined by five to seven consecutive serine residues is also conserved in many of the family members. Other motifs are lineagespecific and include the Y-segment that is characterized by tyrosine residues and only found in angiosperms (Campbell and Close 1997) , and the A-and E-segments exclusive to conifers and characterized by the presence of alanine and glutamine residues, respectively (Perdiguero et al. 2012 ). Based on their motif composition, dehydrins have been classified as Kn, SKn, YnSKn, YnKn (Close 1996) , EnSKn and AnEnSKn (Perdiguero et al. 2012) .
Dehydrin proteins may accumulate in maturing seeds or be induced in vegetative tissues in response to salinity, dehydration, cold stress and frost (Close 1996, Tunnacliffe and Wise 2007) . The expression of dehydrins varies in different tissues and according to the type and intensity of stress. For example, in grapevine, Dhn1 was not expressed in vegetative tissues under normal conditions but was induced by drought, cold, heat and during embryogenesis. In contrast, Dhn3 was expressed to a low level during seed development and not responsive to stress treatments . In Norway spruce (Picea abies), Dhn1 and Dhn6 were highly expressed in bark and leaves during drought stress while the others dehydrins were poorly induced or not responsive (Eldhuset et al. 2012) .
Dehydrins from different sub-classes are upregulated by abiotic stresses including cold and/or salt and/or desiccation but no clear relationship has been observed between the structural classification and the stress responsiveness profile. For example, the sequences YnSKn DHR18 and Kn XERO2 from mouse-ear cress, and SKn EuglDhn2 from Eucalyptus, are upregulated in response to cold stress, but only DHR18 and XERO2 are induced by salt stress and DHR18 and EuglDhn2 by drought (Hundertmark and Hincha 2008, Fernández et al. 2012) .
The size of the dehydrin gene family is variable among different species. In angiosperms, it can range from two members as in the primitive Amborella (Pfam 30.0, Finn et al. 2014 ) to more than 12 in apple (Malus domestica) (Liang et al. 2012) . In contrast, the Pinaceae appear to have significantly more dehydrin genes although only a few species have been investigated in any detail (Joosen et al. 2006 , Yakovlev et al. 2008 , Perdiguero et al. 2012 , Kjellsen et al. 2013 . A total of 53 distinct dehydrin genes have been identified in the white spruce (Picea glauca (Moench) Voss) transcriptome database (Rigault et al. 2011) , which is many more than in herbaceous angiosperms studied to date (Hundertmark and Hincha 2008 , Liang et al. 2012 , Liu et al. 2012 . As a basis to understand the role and evolution of dehydrin genes in conifers and evaluate their involvement in water stress responses, we aimed to: (i) assess the extent of the dehydrin gene family in white spruce and its expansion in the Pinaceae by analyzing full-length gene sequences; (ii) trace the evolutionary origin of dehydrins in both the Pinaceae and angiosperms by studying phylogenetic relationships; (iii) classify gene sequences based on conserved amino acids motifs such as the A-, E-, S-and K-segments; (iv) evaluate the overall role of dehydrins in water stress response by profiling changes in water potential and gene expression in trees exposed to water limited conditions; and (v) assess tissue specificity of dehydrin expression.
Materials and methods

Dehydrin sequences
Expressed dehydrin gene sequences were identified in white spruce (Rigault et al. 2011 ) by using the HMMER software (v 3.0) (Johnson et al. 2010 ) and the Pfam database, release 27.0 (Finn et al. 2014) in white spruce (Rigault et al. 2011 ) and, by sequence similarity searches (BLASTp; Altschul et al. 1990 ) with published conifer dehydrins. We extended the incomplete white spruce dehydrin cDNA sequences by using RNA-seq data from Verta et al. (2016) . The cDNA sequences were then translated into amino acids and the integrity of the open reading frames (ORF) was verified by Blastp (e-value 1e -10 ) using complete dehydrin sequences from conifers and other plants.
We named the dehydrins as suggested by Richard et al. (2000) , in which the white spruce dehydrin (PgDhn1) was first described. In this present study, dehydrins were named from PgDhn2 to PgDhn41. Sequence accession numbers are presented in Table S1 available as Supplementary Data at Tree Physiology Online.
We searched for conifer dehydrin proteins in the non-redundant protein database (nr) using Blastp, e-value threshold of 1e −20
, and white spruce ORFs as query. We retained conifer dehydrins with at least 70% of amino acid sequence similarity and coverage over a minimum of 80 amino acids with the white spruce ORFs.
Angiosperm dehydrins were identified based on phmmer (e-value <0.01) (https://www.ebi.ac.uk), which uses profile hidden Markov models and provides a more accurate and sensitive detection of remote homologs than BLAST. In this analysis, we used the white spruce ORF sequences to search in UniProt database (The UniProt Consortium 2015) for Arabidopsis thaliana, Malus domestica, Eucalyptus grandis, Eucalyptus globulus, Prunus persica, Prunus dulcis, Zea mays, Amborella trichopoda, Populus trichocarpa, Vitis vinifera, Oryza sativa and Physcomitrella patens dehydrin proteins. The proteins were verified as dehydrins by hmmerscan (https://www.ebi.ac.uk) using the Pfam database.
Phylogenetic analysis
The sequences were selected by using the cd-hit program (Li and Godzik 2006) to separately cluster the conifer and angiosperm dehydrin sequences based on a 97% similarity threshold at the amino acid sequence level. Each cluster was represented by one sequence (see Table S2 available as Supplementary Data at Tree Physiology Online). We then aligned the representative sequences using MAFFT version 7.0 and FTT-NS-I (iterative refinement method; 1000 iterations) strategy (Katoh and Standley 2013) found in Geneious R6 (http://www.geneious.com, Kearse et al. 2012) .
Phylogenetic trees were constructed following a Bayesian framework using MrBayes 3.2.1 (Ronquist et al. 2012) . Half a million generations of the Markov chain Monte Carlo (MCMC) method using four chains sampling every 10 generations were
Tree Physiology Online at http://www.treephys.oxfordjournals.org completed using the Wag model (Whelan and Goldman 2001) , with gamma-distributed rate variation across sites and a proportion of invariable sites. A dehydrin (A9RQA9) of the moss P. patens was used as outgroup. The standard deviation of split frequencies was <0.05 after 485,000 generations. The first 25% of the recovered topologies were discarded. We calculated the consensus tree with Bayesian posterior probability equal or superior to 0.75 and the resulting samples of best-fit trees. Trees were visualized with FigTree v1.4.2 (http://tree.bio.ed.ac.uk).
We also constructed the phylogenetic trees utilizing the Maximum Likelihood approach implemented in MEGA6 (Tamura et al. 2013) , and also using the WAG model and gammadistributed rates among sites. We obtained similar but less resolved topologies when compared with results from MrBayes analysis. Thus, only results from MrBayes analysis will be shown.
Identification of conserved amino acid motifs and classification of dehydrins
The identification of amino acid motifs was performed by using MEME version 4.9.0 (Multiple Expectation Maximization for motif Elicitation) (Bailey et al. 2015) with the following parameters: distribution of motif occurrences was any number of repetitions, maximum number of motifs was 10 and motif width between 6 and 20 amino acids. Motif scanning was performed by MAST (MEME suite, Bailey et al. 2015) and then, sequences were classified among the possible groups: Kn, SKn, YnSKn, YnKn, EnSKn, AnEnSKn and new groups described in the current study. We verified the motifs in the multiple sequence alignments and also identified the degenerate motifs.
Plant material
Tissue-preferential analysis We surveyed tissue differences in RNA transcript accumulation of in young foliage, shoot secondary xylem, phelloderm and from an previous experiment as described (Raherison et al. 2015) . Three biological replicates were each made up of a pool of samples from five genetically distinct young white spruce trees grown under non-limiting conditions in a glasshouse with natural light (Raherison et al. 2015) . The samples were collected at 6 a.m., immediately frozen in liquid nitrogen and stored at −80°C until RNA isolation.
Drought experiment We used young trees from three genetically unrelated Picea glauca genotypes (clones 8, 11 and 95) that were propagated in vitro by somatic embryogenesis and grown in containers for 2 years at the Vegetative Propagation Centre of the Saint-Modeste tree nursery of the Quebec Ministry of Forests, Wildlife and Parks of Québec (Saint-Modeste, Québec, Canada). The plants were 40 cm on average, were potted in pots of 5 l containing a mix of peat, perlite and vermiculite (3:1:1, by weight) and grown in a greenhouse with day temperature of 23°C, night temperature of 20°C, 16/8 h (day/night) photoperiod and watered three times per week, for 2 months prior to the experiment.
For the experiment, one half of the plants were watered and for the other half, water was withheld; the plants were arranged in a completely randomized design. Plants were destructively sampled and the newly formed foliage (needles) was collected at 0, 7, 14, 18 and 22 days from the beginning of the watering treatments. Five plants per genotype (replicates) in both watering treatments were sampled at each sampling point (a total of 150 plants). The watered plants were sampled 2 h after the last watering. The sampling time was at midday.
At each sampling day, the midday water potential (branch) of four plants per genotype in both watering regimes was measured using a Scholander pressure chamber (Model 610, PMS Instruments, Albany, OR, USA).
Foliage samples were frozen in liquid nitrogen immediately after removal from the trees and stored at −80°C. The needles were ground to powder using a MixerMill 300 (Retsch, http://www. retsch.com/) and steel grinding balls cooled in nitrogen. Powdered foliage tissue was stored at −80°C until RNA extraction.
RNA sequencing in six Pinaceae species RNA-sequencing was carried in six Pinaceae species including white spruce (P. glauca), black spruce (Picea mariana), estern white pine (Pinus strobus), jack pine (Pinus banksiana), balsam fir (Abies balsamea) and tamarack (Larix laricina). We isolated several different tissue samples including four to six vegetative tissues (for details, see Table S3 available as Supplementary Data at Tree Physiology Online) from 4-year-old plants grown under greenhouse conditions with natural light; we sampled the tissues from two wellwatered plants and two plants that had not been watered for 14 days. The tissues also included several megagametophytes and whole embryos isolated from germinating seeds.
RNA extraction and cDNA synthesis
Total RNA was extracted by grinding tissues in liquid nitrogen to a fine powder and by utilizing either (i) the cetyltrimethyl ammonium bromide (CTAB) extraction method as described by Chang et al. (1993) with modifications (Pavy et al. 2008) for the tissue preferential analysis and the drought experiment or (ii) MasterPure™ Plant RNA Purification kit (Epicenter, Madison, WI, USA) for the RNA-Squencing. The total RNA concentration was determined using a NanoDrop 1000 (Thermo Scientific, http://www.thermoscientific.com/) and assessed for quality with an Agilent 2100 Bioanalyzer and Agilent RNA 6000 Nano Kit LabChips (Agilent Technologies Inc., http:// www.agilent.com/), and stored at −80°C. Complementary DNAs were prepared from 500 ng of total RNA using Quantitect Reverse Transcription Kit (Qiagen, Germantown, MD, USA) and then diluted 1:4 in RNase-free water.
RNA sequencing RNA-Seq library synthesis Total RNAs from all of the tissues were combined to form a single RNA pool for each as shown (see Table S3 and their concentration was reduced by half at 25 nM per reaction to avoid adapter dimer molecules and Tris-NaCl (10 mM, 50 mM) at 25 nM was used to complete the volume. Second strand synthesis and marking clean-up and library amplification clean-up were performed using Axygen ® AxyPrep™ Mag PCR Clean-Up Kit (Axygen Biosciences, Union City, CA, USA) whereas post ligation clean-up was done using a ratio of 0.85 of PEG/NaCl SPRI ® Solution over Beads with adapter-ligated DNA.
Quantifications of each library were determined by a Nanodrop ND-1000 (Thermo Scientific, Wilmington, DE, USA) and library fragment size distribution and the absence of dimer molecules were verified with an Agilent Bioanalyzer 2100 using High Sensitivity DNA chips (Agilent Technologies Inc., Santa Clara, CA, USA). Four equimolar pools of 17 to 18 libraries each were prepared and purified following the Library Amplification Cleanup protocol as described in the library construction protocol. The concentration and the fragment size distribution of each purified equimolar pool was evaluated with a Nanodrop ND-1000 and an Agilent Bioanalyzer 2100, respectively. Each of the pools were sequenced by using the rapid run procedure (2 × 250 bp) at the Genome Quebec Innovation Centre at McGill University (Montreal, Quebec, Canada) with an Illumina HiSeq 2500 sequencing system.
Search for dehydrin in Pinaceae transcriptome sequences Dehydrin transcriptome sequences were constructed for each of the Pinaceae species using the NUCLEAR (version 3.2.4) and VISION (version 2.6.12) software (Gydle). First, raw RNA-Seq sequence (FASTQ) files were filtered into High-Quality (HQ) sequences, trimming adapters and retaining only segments of 50+ consecutive Q20+ bases. The HQ sequences were then used to create transcriptome sequences by combining reference-initiated read mapping, iterative sequence extension, de novo assembly of unmapped reads, interactive edition and visualization, and resolution of representative sequences aimed at containing all exons for a single gene. We identified ORFs in the Pinaceae transcriptome sequences using getorf (EMBOSS 6.6.0) and searched for dehydrin sequences presenting a structure of N1 Kn, by using BLASTP (version 2.2.26+) with white spruce Kn ORFs as queries and retaining sequences with an e-value threshold of 1e -10 and covering at least 70% of white spruce Kn ORFs over at least 80 amino acids. We then utilized MAST (MEME suite, Bailey et al. 2015) and the conifer motifs to classify all retained ORFs.
Gene specific amplification of RNA transcripts by reversetranscription PCR
A primer pair was designed for each of the dehydrin sequences using the Primer3Plus software (http://www.bioinformatics.nl/ cgi-bin/primer3plus/primer3plus.cgi) (see Table S4 available as Supplementary Data at Tree Physiology Online). The selfcomplementarity of the designed primers was verified using Oligo Calc (Oligonucleotide Properties Calculator software, http://www.basic.northwestern.edu/biotools/oligocalc.html) and specificity was verified against the P. glauca gene catalogue (Rigault et al. 2011 ) and the extended dehydrin cDNA sequences. We used gene-specific dehydrin primers (see Table S4 available as Supplementary Data at Tree Physiology Online) to determine RNA transcript levels from drought stress and the tissue comparison experiments (Raherison et al. 2015) by using quantitative reverse transcription (RT)-PCR (qPCR). We used the QuantiFast ® SYBR ® Green PCR kit (Qiagen) as follows: 1× master mix, 300 nM of 5′ and 3′ primers and 5 μl of cDNA (5 ng) in a final volume of 15 μl. Amplifications were carried out in a LightCycler ® 480 (Roche, http://www.roche. com/) as described in Boyle et al. (2009) . We used the LRE method (Rutledge and Stewart 2008) adapted for Excel (Boyle et al. 2009 ) to estimate the number of transcript molecules, which was normalized by the geometric mean of three reference genes: elongation factor 1a (EF1-α) (BT102965), cell division cycle 2 (CDC2) (BT106071) and ribosomal protein L3A (BT115036) as described in Beaulieu et al. (2013) . PCR products were sequenced with the Sanger method to verify primer specificity.
Statistical analysis of RT-qPCR data
The transcript abundance data (as per normalized number of molecules) determined by RT-qPCR for each dehydrin was transformed to log2 scale for subsequent statistical analysis. We used the R software for statistical computing and the construction of graphs (package ggplot2) (http://www.r-project.org; Wickham 2009). For the drought experiment, the transcript abundance data of each gene was analyzed separately using analyses of variance (ANOVA) as a function of the type of treatment (different watering regimes simulating different water potential), genotypes, sampling dates and their interactions. If significant differences were detected, a multiple comparison test (Tukey's honest significant difference, HSD) was performed. For the tissue preferential expression, we evaluated gene expression differences, we performed gene-specific ANOVA with expression as a function of tissues. If significant differences were detected, a multiple comparison test was performed (Tukey's HSD).
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Results
Identification of abundant dehydrins sequences in spruce
This study was initiated based on 53 cDNA dehydrin sequences that were identified in the white spruce gene catalog (Rigault et al. 2011 , Raherison et al. 2012 . In total, 41 of the sequences contained an ORF that we estimated as complete based on sequence alignments. We used sequence similarity and HMM searches to find sequences in other species. We identified many sequences in the Pinaceae, i.e., 108 amino acid sequences in the genus Pinus and additional amino acid sequences 36 in Picea with at least 70% similarity and coverage with the previously discovered white spruce dehydrins. Our search of dehydrins also extended to both monocots and dicots in order to represent the diversity of dehydrins in angiosperms as well as major conifers. We identified a total of 76 dehydrins distributed in mouse-ear cress (A. thaliana), apple (M. domestica), Eucalyptus (E. grandis and E. globulus), peach (P. persica), almond (P. dulcis), maize (Z. mays), Amborella (A. trichopoda), poplar (P. trichocarpa), grape (V. vinifera) and rice (O. sativa).
Many of the sequences within the angiosperms and within the Pinaceae were very similar, therefore we clustered the sequences that were 97% identical or more. The Pinaceae sequences thus formed 78 distinct clusters (see Table S2 available as Supplementary Data at Tree Physiology Online) whereas the angiosperms formed 57 clusters (see Table S5 available as Supplementary Data at Tree Physiology Online), suggesting a larger number and greater diversity of sequences in the Pinaceae than in angiosperms, as previously suggested (Rigault et al. 2011) . The representation of different taxa in the clusters strongly supported this hypothesis as the individual conifer genera were represented in more clusters, i.e., 56 clusters for Picea and 21 clusters for Pinus whereas major angiosperms were represented in only 2-10 clusters. The data showed that dehydrin sequences were particularly abundant in Picea, but this could also be the effect of a more complete reporting of such sequences in Picea than in other conifers.
Dehydrins are highly divergent between angiosperms and Pinaceae
We used one representative sequence from each cluster to construct the phylogenetic trees and carried out an exhaustive de novo search for amino acid motifs in the dehydrin sequences. Five of the motifs had previously been identified in plant dehydrins (Campbell and Close 1996, Zolotarov and Stromvik 2015) . They include the K-segment and S-segment common to both angiosperms and gymnosperms, the A-segment and Esegment found only in Pinaceae (Perdiguero et al. 2012) , and the Y-segment found only in angiosperms. Here, we also identified a conserved N1 motif located at the N-terminal region of sequences (see Figure S1 available as Supplementary Data at Tree Physiology Online). In the present study, the A-segment was found to be less conserved than described (Perdiguero et al. 2012 ), which we explain by the fact that we used a total of 78 Pinaceae dehydrins in the motif-identification process. This result impacts on the classification of dehydrins. In a previous study, the maritime pine dehydrin Ppter_dhn_ESK2 (accession number K7ZW95, cluster 40, see Table S2 available as Supplementary Data at Tree Physiology Online) was reported to lack an A-segment (Perdiguero et al. 2012 ) but we found that it contains a less conserved A-segment.
We began by constructing separate phylogenetic trees with the dehydrin sequences from angiosperms (see Figure S2 available as Supplementary Data at Tree Physiology Online) and from the Pinaceae (Figure 1 ). The Pinaceae tree showed two distinct groups with different amino acid motif structures, i.e., N1 AnEnSKn and N1 Kn (Figure 1, Groups 1 and 2, respectively) ; the angiosperm tree was split into two main groups, with characteristic N1 SKn and YnSKn amino acid motif structures (see Figure S2 available as Supplementary Data at Tree Physiology Online, Groups 3 and 4, respectively). Next, we constructed a combined tree with angiosperm and Pinaceae sequences together that revealed the same two Pinaceae groups (1 and 2) and the two disjunct angiosperm groups (3 and 4) ; some of the branches indicating further phylogenetic structuring had weak statistical support and for this reason, we estimated a consensus tree with an a posteriori probability threshold support equal or superior to 0.75 (Figure 2) .
Within the conifers, two sub-groups were observed for both the N1 Kn and Kn structures (shades of violet in Figure 2 , Group 2), suggesting parallel loss of amino acid motifs. We further observed the presence of few isolated Kn dehydrins in the Groups 1 and 4 (Group 4) (Figure 2 , N1 AnEnSKn and YnSKn, respectively), also suggesting parallel evolution.
A major duplication is detected within the Pinaceae
The Pinaceae phylogenetic tree revealed diversification patterns supported by high a posteriori probabilities and this led to the hypothesis of a major duplication event leading to the accumulation of (N1) Kn (Group 2) sequences. The data indicated that the duplication may have occurred within the lineage giving rise to the genus Picea, after the split between Picea and Pinus (Figure 1) . The most parsimonious interpretation of the tree is that this event then gave rise to the Kn group, which is specific to Picea, and that this group underwent several further duplications generating the several groups of dehydrins in white spruce.
We aimed to test the above hypothesis and sample other transcriptomes from the Pinaceae; therefore, we carried out RNA sequencing in white spruce (P. glauca), black spruce (P. mariana), estern white pine (P. strobus), jack pine (P. banksiana), balsam fir (A. balsamea) and tamarack larch (L. laricina) ( Table 1) . We searched for (N1) Kn sequences and found Group 2 sequences in all of the species tested and identified many more of the sequences in Picea spp. (12-18) than in Pinus spp. (3-6); we identified also several sequences in two other species belong to other genera within the Pinaceae, A. balsamea (17 sequences) and L. laricina (16 sequences). The data indicate that the duplication is not specific to Picea spp. as was suggested by our phylogenetic tree.
Degenerate K-segments and structural variations in conifer dehydrins
Based on the amino acid motifs and in congruence with results from phylogenetic analyses, all 135 representative dehydrins from the Pinaceae and angiosperms were classified into four major amino acid structures: (1) N1 AnEnSKn with variations in the presence of A and E-segments; (2) N1 Kn with some variations in the presence of N1 segment; (3) N1 SKn; and (4) YnSKn. Almost all of the dehydrins contained one or multiple K-segments with the exception of one sequence in maritime pine (P. pinaster) (model 10, Figure 3 , Table S6 available as Supplementary Data at Tree Physiology Online) as previously reported (Perdiguero et al. 2014) .
The K-segment was degenerate (P-value < 1.1e
) in many conifer dehydrins such as PgDhn8 and PgDhn9, among others (see Table S6 available as Supplementary Data at Tree Physiology Online), and was more highly conserved in angiosperms (Figure 3 and Figure S1 available as Supplementary Data at Tree Physiology Online). In some cases, the K-segment was degenerated to the point of not being identified by motif sequence similarity; in these cases, we used the sequence alignment to identify these K-segments.
In the group N1 AnEnSKn, we identified 12 structural variations, some of which have not been described before. For example, PgDhn8 and PgDhn9 (models 9 and 11, Figure 3) , which lack an E-segment. In the Kn group in spruces we observed a high number (>6) of K-segments not previously reported in other conifers.
We observed that sequence similarity and amino acid motif structure were not always congruent, i.e., some sequences Figure 1 . Phylogeny of the conifer dehydrin gene family represented by a consensus tree from Bayesian analysis, with threshold support equal or superior to 0.75. We used 41 white spruce dehydrins and 37 other conifer sequences; see details of sequence clusters in Table S2 available Tree Physiology Online at http://www.treephys.oxfordjournals.org grouped together in the phylogenetic tree although they differed in their amino acid motif classification (Figure 3 ). This could be explained by the considerable variation in amino acid sequence that exists within the motifs (see Figure S1 available as Supplementary Data at Tree Physiology Online). Similarly, dehydrins that were not regrouped tightly on the phylogenetic tree may share the same motif structure. For instance, the model 1 from maritime pine (N1 K2) was not grouped with other N1 K2 sequences such as PgDhn33 and PgDhn34 (model 25). Similarly, angiosperm Kn dehydrins were not grouped with conifer Kn dehydrins (models 18 and 19), and maritime pine sequences from model 12, classified as SK, were not grouped with the angiosperm sequences SKn. 
Dehydrin expression varies between different tissues and conditions
We designed gene-specific primer pairs for the white spruce dehydrins with complete ORFs to evaluate their RNA accumulation profile by RT-qPCR (see Table S4 available as Supplementary Data at Tree Physiology Online). Given the large number of sequences and high levels of similarity, the assay specificity was verified by preliminary tests in which amplicons were sequenced for validation. Next, we surveyed RNA transcript levels in three different tissues, phelloderm, xylem and foliage from plants growing under non-limiting conditions. Reliable transcript detection was recorded for 13 of the white spruce dehydrins in at least one of the tissues (Figure 4 ). Amplifications that lacked specificity were eliminated from the analyses and dehydrin sequences producing no detectable product were considered to have specificity to other tissues or to other biological conditions. The gene-by-gene analysis of variance with expression data as a function of the type of tissue identified nine genes with differential expression (see Table S7 available as Supplementary Data at Tree Physiology Online). The multiple comparison tests showed that five of the sequences produced preferentially expressed transcripts in the phelloderm, four in the foliage and two in the secondary xylem, and the four remaining sequences did not vary between tissues (Figure 4) . Tree Physiology Online at http://www.treephys.oxfordjournals.org
Members of the dehydrin family respond differently to water stress
We conducted a greenhouse experiment with three white spruce genotypes comparing dehydrin transcript accumulation profiles in well-watered and non-watered plants at several time points. Starting from 14 days of treatment, statistically significant differences in water potential were detected between the wellwatered and non-watered plants ( Figure 5 ) and the response was similar among the three genotypes (see Table S8 available as Supplementary Data at Tree Physiology Online).
We were able to reliably detect transcript abundance in the foliage for 10 of the dehydrins in well-watered and non-watered plants. Gene-by-gene analysis of variance followed by multiple comparison tests showed that, under the same conditions, there was no statistical difference among the expression pattern of the three clones, except for the gene PgDhn10 where after 7 days under water stress, a significant difference in gene expression level between clones 11 and 95 was detected (see Table S9 available as Supplementary Data at Tree Physiology Online).
Eight genes had statistically different expression levels between watered and non-watered plants at least for one sampling date. The genes PgDhn10, PgDhn16, PgDhn33 and PgDhn35 showed a remarkable increase of gene expression in water-stressed plants compared with well-watered plants. Their increased transcript levels were statistically significant starting at Day 14, which coincides with the changes in water potential. The genes PgDhn7, PgDhn9 and PgDhn12 showed a slight increase in expression in stressed plants compared with watered plants after 18-22 days of treatment. Only the gene PgDhn36 showed a decrease in expression, which was slight and was observed only after 22 days without watering (Figure 6 ).
We examined the transcript profiles by comparing the two major classes of dehydrins found in spruces, N1 AnEnSKn and N1 Kn. Among the six genes that had increased transcript levels in response to water stress, four were of the N1 AnEnSKn type (N1 AESK2, N1 A2E2SK4, N1 ASK3, N1 ASK2) and two were of the N1 Kn type (N1 K2, K4). The genes with slightly decreasing and those with no response to water stress, were classified as K1 (two sequences) and K6. Taken together, these classifications indicate that diverse dehydrin sequences are water-stress responsive and that neither of the two major classes appears to have a clearly characteristic profile; however, the number of genes assayed only represents 27% of the white spruce dehydrin sequences identified.
Discussion
We identified and classified a large number of dehydrins and the results indicate that they form a large gene family in the Pinaceae and are particularly abundant in spruces. The Pinaceae dehydrins appeared structurally diverse and notable differences were observed when compared with angiosperm dehydrins, including poorly conserved K-segments and conifer-specific segments. We identified nine dehydrins with differential tissue expression under normal conditions and eight dehydrins that respond to drought stress. The most strongly induced dehydrins were classified as Kn type. Below, we discuss these results against a backdrop of speciation and adaptation to abiotic factors.
Structural diversity in dehydrin protein sequences
We identified a large number of dehydrins detected in Picea but did not find any new conserved amino acid motifs. All of the white spruce dehydrins presented at least one K-segment and many of them contained A-and E-segments together, as previously found in maritime pine (Perdiguero et al. 2012 ). Here, we Figure 4 . Transcript accumulation profiles from F (foliage), X (xylem) and P (phelloderm) measured by qPCR. Significant differences between tissue expression levels are indicated on the right side, ANOVA, Tukey's HSD (P < 0.05; ns indicates no significant difference between the expression level among the three tissues). (clones 8, 11 and 95) . ANOVA, Tukey test, *P < 0.05; **P < 0.01; ***P < 0.001.
Tree Physiology Online at http://www.treephys.oxfordjournals.org showed that the A-segment may be less conserved than previously reported (Perdiguero et al. 2012) . In contrast to angiosperms, no Y-segments were identified in the Pinaceae (Campbell and Close 1997, Zolotarov and Stromvik 2015) . The previously reported conserved N-terminal sequence (N1) had not been considered as a bona fide protein motif (Perdiguero et al. 2012 ) but we have included it in our structural classification of protein sequence.
We classified all of the dehydrins represented in the phylogenetic trees based on the amino acid motifs (see Figure S1 available as Supplementary Data at Tree Physiology Online) (Figure 3) . The angiosperm and Pinaceae sequences were classified among 37 different models showing a wide diversity of dehydrin protein structures varying in the composition and number of motifs (Figure 3) . White spruce dehydrins were classified mainly as AnEnSKn and (N1) Kn types. We observed a variation in the number of A-, E-and K-segments, as was also found in other Pinaceae (Perdiguero et al. 2012) . We report that Pinaceae dehydrin genes may contain more than six Ksegments, including PgDhn21, PgDhn22 and PgDhn23 (see Table S6 available as Supplementary Data at Tree Physiology Online), and that dehydrins may be classified as AnSK, which harbor the A-segment but lack the E-segment (PgDhn8 and PgDhn9). The structural diversity is present not only between the different structure types but also within each type. Some of the Pinaceae and angiosperm dehydrins were classified as Kn type but their amino acid sequences were highly divergent. We also observed that the amino-acid sequence of the K-segment was variable among the Pinaceae dehydrins, in contrast to angiosperm dehydrins, which contain more conserved K-segment sequences (see Figure S1 available as Supplementary Data at Tree Physiology Online). In vitro assays suggested that the Ksegments play a key role in the protective function of dehydrins in preventing deleterious changes in protein secondary and tertiary structure (Reyes et al. 2008) . It remains to be elucidated whether the reduced conservation of K-segments that is observed in the Pinaceae has functional implications and whether the protective function is maintained. The S-segment also appears to be important in dehydrin function. It may be important as putative phosphorylation sites (Jensen et al. 1998) , being involved in post-translational protein modifications impacting tolerance to drought and salt (Brini et al. 2007) . It is also possible that the A-and E-segments found in the Pinaceae and the N1-terminal motifs play important roles in protein conformation and function, but this remains to be tested. The modular organization of dehydrins, the large variation seen in the number and position of the different motifs, and their patterns of expression not connected tightly to structural differences and phylogenetic grouping (see below) is consistent with subfunctionalization following duplication events, as also reported for conifer transcription factors (Guillet-Claude et al. 2004) , although further analyses comparing white spruce dehydrins with their paralogs in other species will be needed to test this hypothesis. Dehydrin genes were also found to diverge very rapidly in P. glauca at the nucleotide sequence level, the family showing among the highest ratios of nonsynonymous to synonymous substitutions (A/S) among more than 2000 gene families analyzed (Pavy et al. 2013) . These highly positive ratios could be linked to the structural diversity observed in white spruce dehydrins. Gene families with high A/S ratio were also those with the highest heterogeneity of gene expression across white spruce tissues (Pavy et al. 2013) , supporting the notion of rapid subfunctionalization with obvious implications for adaptive potential.
Dehydrin gene family evolution and expansion in the Pinaceae
We first identified 53 dehydrins in the white spruce gene catalog, of which 41 had a complete ORF. Further sequence discovery in RNA-Seq datasets (Verta et al. 2016 ) and clustering based on sequence similarity suggested that spruces contained up to 56 distinct dehydrin genes (see Table S2 available as Supplementary Data at Tree Physiology Online). This relatively large number of dehydrins exceeds that observed in other plant species. For example, 10 genes were identified in mouse-ear cress and poplar (Hundertmark and Hincha 2008, Liu et al. 2012) , 12 were found in apple (Liang et al. 2012) , eight in rice (Wang et al. 2007 ), six in each of peach and maize (Finn et al. 2014 , Basset et al. 2015 , four in grapevine ) and only two in the primitive A. trichopoda (Pfam 30.0, Finn et al. 2014) . Previous studies in other conifers have focused on the Pinaceae, such as P. pinaster, Picea obovata and P. abies, and described up to 10 dehydrins per species (Joosen et al. 2006 , Yakovlev et al. 2008 , Perdiguero et al. 2012 , Kjellsen et al. 2013 , and did not perform exhaustive searches of expressed dehydrins. We carried out an exhaustive search for dehydrin homologs in conifers focusing on the Pinaceae and found more dehydrins in both P. glauca and Picea sitchensis (see Table S2 available as Supplementary Data at Tree Physiology Online) than in pine species, suggesting that the Picea genus may have more dehydrins than angiosperms and Pinus. On the other hand, this may be the consequence of sampling effects since full-length cDNA has been more extensively explored in P. glauca and P. sitchensis (Ralph et al. 2008 , Rigault et al. 2011 ) than in Pinus spp. We performed separate and combined phylogenetic analysis of angiosperm and conifer dehydrins (Figures 1 and 2) . The dehydrins were distributed into four main groups paralleling structural differences: two conifer groups, with N1 Kn and AnEnSKn amino acid structures (Groups 1 and 2), and two angiosperm groups, with YnSKn and N1 SKn amino acid structures (Groups 3 and 4).
The combined angiosperm and conifer phylogenetic tree suggests an interesting evolutionary history for this gene family. The simplest hypothesis is that the most ancestral gene had a structure most similar to the N1 SKn and N1 AnENSKn sister group types, which is reflected by their highest taxonomical representation including conifer, dicot and monocot sequences, and that sequences diverged through gene duplications as well as loss and acquisition of amino acid motifs in a parallel fashion, which occurred largely after the split of angiosperms and gymnosperms, around 300 Mya (Savard et al. 1994 ). This most parsimonious interpretation assumes there were no major gene losses in the taxa analyzed. In line with this interpretation, a major duplication would have occurred very early in the angiosperm lineage, before the split between monocots and dicots (140-150 Mya) (Chaw et al. 2004) , and giving rise to the Yn SKn structure type, which is present along with the N1 SKn type in all angiosperms tested, including monocots and dicots. This new gene duplicate would have lost the N1 motif and acquired an Yn motif. Within the Pinaceae, a duplication gave rise to Group 2 characterized by the Kn and N1 Kn amino acid structure that occurred before the split of Picea and Pinus around 120-140 Mya (Savard et al. 1994) (Figure 2 ). The topology was not well resolved at the root of the phylogenetic tree for this group, but it suggests that more than one duplication may have occurred where the N1 motif was likely lost. Our phylogenetic analysis and the RNA-sequencing indicate that the Group 2 sequences are much more numerous in Picea spp., Larix and Abies than in Pinus spp., suggesting that differential gene duplications have occurred after the formation of the different genera in the Pinaceae.
The presence of the Kn motif in two Pinus pinaster sequences located within the Pinaceae Group 1 suggests parallel evolution, which may indicate that under certain environmental pressures, specific amino acid sequence motifs could re-emerge sporadically. In addition to this major gene duplication and the sporadic resurgence of amino acid sequence motifs, several other duplications have been observed at various stages, most frequently in the Pinaceae. These duplications have clearly impacted the size of the dehydrin gene family, especially in Picea. Taken together, these results suggest that the higher diversification rate of dehydrin genes seen in the Pinaceae, compared with angiosperms, might be related to long-term genetic adaptation to a spatially and temporarily more heterogeneous environment throughout the evolution and diversification of the lineage. Members of the Pinaceae are long-lived and several of them may colonize extreme habitats, as seen for boreal conifers such as white spruce; we may speculate that larger families of key genes related to adaptation could confer more plasticity and survival ability through subfunctionalization.
Duplicated genes may result either from whole-genome duplication (WGD) or from more localized segmental or single-gene duplications (Blanc and Wolfe 2004, Cannon et al. 2004 ). Many WGD events have been detected in angiosperms. For example, Arabidopsis has experienced at least three WGD including an event that was shared by all eudicots (Bowers et al. 2003) . Angiosperms have also experienced lineage-specific WGD, some of which were reported in forest trees, for instance in Eucalyptus (Myburg et al. 2014) and in the Salicaceae (Tuskan et al. 2006) . The expansion of gene families such as dehydrins in angiosperms is likely to be facilitated by both tandem duplication and WGD events (Wang et al. 2007 , Hundertmark and Hincha 2008 , Liu et al. 2012 . The Pinaceae were recently reported to have experienced two WGD events (Li et al. 2015) . One ancient event would have been shared with the Cupressaceae and the Taxaceae (which could not be sampled in the present study) and all of the seed plants including angiosperms, and the other WDG would have occurred in the common ancestor of Pinaceae only. Although the topology of the dehydrin phylogenetic tree lacks resolution near the origin (Figure 2 ), no clear evidence was seen that could support either of these ancient WGD events. The angiosperm sequences were split into two large groups, which is likely the consequence of a major duplication event at least preceding the monocot-dicot divergence and likely involving WGD. However, the lack of intervening Pinaceae sequences in any of these groups would indicate that the duplication event occurred after the angiosperm-gymnosperm split, or alternatively, that the ancient duplicated copy had been lost in the lineage leading to conifers and the Pinaceae if this event had occurred before the angiosperm-gymnosperm split, as previously reported. Similarly, the Pinaceae sequences were split into two major groups (Figure 2 ) without any intervening angiosperm sequences. This pattern may support a WGD common to all of the Pinaceae because both Group 1 and Group 2 sequences are represented in the different genera that we analyzed. The tree topology and RNA sequencing results further suggest that more recent duplications were more frequent in the spruce common ancestor after the pine-spruce lineage split.
Expression of dehydrin genes in developmental and stress responses
Dehydrins are multifunction proteins that accumulate during seed formation and are present in vegetative tissues under normal conditions (Campbell and Close 1997, Bies-Ethève et al. 2008) . They have been linked to protective functions (Reyes et al. 2008 , Brini et al. 2010 , chaperone activity (Kovacs et al. 2008) , water-binding capacity (Rinne et al. 1999) and to an antioxidant role (Hara et al. 2004 ). The expression of many dehydrin genes changes in response to abiotic stress conditions such as drought, salt and cold (Close 1996) , as well to biotic stress such as wounding and infection (Richard et al. 2000 , Hundertmark and Hincha 2008 . Expression has also linked some dehydrins to growth processes such as spring bud burst in conifers (Yakovlev et al. 2008) .
We identified nine white spruce dehydrins with differential expression when comparing three different tissues (foliage, secondary xylem and phelloderm) under normal growth conditions. However, these differences were not tightly linked to structural types or phylogenetic groups. Other dehydrins in angiosperms
Tree Physiology Online at http://www.treephys.oxfordjournals.org also showed differential expression between tissues types. Arabidopsis dehydrins AtLEA2-5, AtLEA2-6 and AtLEA2-7 were expressed in seeds while AtLEA2-1, AtLEA2-2 and AtLEA2-4 were strongly expressed in vegetative tissues (Bies-Ethève et al. 2008) . In apple, five dehydrins were expressed in flowers, seeds, leaves, fruit and roots, and another four in a subset of these tissues (Liang et al. 2012 ). These observations indicate that different dehydrins may have acquired a degree of tissue specificity and suggests that some dehydrins are important to plant development.
Many studies showed that angiosperms' dehydrins were induced by drought, cold stress or both and many of them were classified as YnSKn and grouped together in our phylogenetic analysis (Figure 2) . They include between one and five dehydrin genes in rice (Wang et al. 2007 ), grape , Arabidopsis (one Kn sequence) (Hundertmark and Hincha 2008) , peach (Basset et al. 2015) , apple (Liang et al. 2012) and Eucalyptus (Fernández et al. 2012) . However, some of the dehydrins in this group, like PpDhn5 in peach and AtLEA2-7 in Arabidopsis, were induced neither by cold nor drought stress (Hundertmark and Hincha 2008, Basset et al. 2015) . The other group of angiosperm dehydrins in the phylogenetic tree has the typical N1 SKn structure and includes sequences that are cold responsive (AtLEA2-1 and -2; EuglDhn2) and sequences that had either no detectable transcripts or very low expression under drought and cold stress (Hundertmark and Hincha 2008 , Liang et al. 2012 , Basset et al. 2015 .
Our analysis identified eight dehydrins that responded to water stress in white spruce. Four of them increased their transcript levels several fold after several days without watering. They were classified as N1 K2, K4 and N1 AESK2 (PgDhn10, 16, 33 and 35), indicating that the two main conifer groups in the phylogenetic tree comprise dehydrin sequences that are drought-stress responsive. In Norway spruce and maritime pine, N1 K2 dehydrins had among the highest transcript levels after a period of water stress (Eldhuset et al. 2012 , Perdiguero et al. 2012 . In maritime pine, a N1 AESK2 dehydrin presented a very similar transcript accumulation pattern (Perdiguero et al. 2012 ).
An interesting observation is that both N1 K2 dehydrins from maritime pine were grouped with the N1AnEnSKn cluster (light blue) in the phylogenetic tree, while N1 K2 dehydrins from white spruce fell in the (N1) Kn group (purple). The maritime pine genes harbored sequences that are more similar to N1 AnEnSKn dehydrins but their structure is closer to that of the N1 K2 cluster, suggesting parallel evolution in which selective forces may have shaped these proteins to carry out the same function. Similar observations of parallel evolution have been made from the identification of different adaptive genes to climatic factors among different Pinaceae taxa, but pertaining to same large gene families (Prunier et al. 2011) .
The spruce dehydrins PgDhn 7, 9, 12, 17, 36 and 37, including both N1 AnEnSKn and N1 (Kn) types, were less responsive to drought conditions such as reported for N1 AESK in maritime pine (Perdiguero et al. 2012) (Figure 6 ). Considering the diverse roles attributed to dehydrins, they may be more responsive to other types of stress, as observed in Siberian spruce where Dhn 2 (N1 AESK3) and Dhn Cap1.1 (K6) were induced by cold conditions (Kjellsen et al. 2013 ). These observations and findings that some dehydrins are more strongly expressed in other organs including roots or stem in response to water stress (Lorenz et al. 2011 , Eldhuset et al. 2012 , Perdiguero et al. 2012 indicate that our analysis is likely to reveal a partial picture of their whole range of expression in conifers.
Conclusions
Our results indicate that the dehydrin gene family is larger in the Pinaceae than in angiosperms, and suggest that a major duplication contributed to a lineage-specific expansion. The present results also suggest that subfunctionalization could be a main driver for the increased diversity of dehydrins in conifers, with diversification implicating loss and gain of structural motifs.
The dehydrin gene family has been well studied in angiosperms and has been linked to a variety of cellular processes. The diversity of dehydrin sequences, together with their tissuepreferential and drought-responsive expression, suggests that they are involved in a variety of physiological processes in spruce. Further experiments including additional assessments of stress responsiveness will likely be needed to shed more light onto the potential processes in which they are involved. The N1 K2 and N1 AESK2 dehydrins were very responsive to water stress in the Pinaceae. Studies involving diverse genotypes and genetic experiments could reveal the potential of these genes as molecular markers for tolerance to drought.
In the next decades, the boreal biome is expected to experience the largest increase in temperatures of all forest biomes and drought-induced mortality is predicted to increase (Gauthier et al. 2015 ). An improved understanding of the molecular response of conifers to drought will be highly useful to design diagnostic tools to help map and conserve the natural genetic diversity that is relevant for adaptation to drought stress in order to maintain a healthy boreal forest.
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